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4. DESIRABLE LIMITS OF ACCELERATIVE FORCES IN A SPACE-BASED
MATERIALS PROCESSING FACILITY
Dr. Robert J. Naumann, NASALMSFC
(The editors of this Proceedings Report compiled the following synopsis
of Dr. Naumann's presentationp based on _ape recordings taken during his
talk).
There are three categories of accelerations to be encountered on
orbiting spacecraft: (I) quasi-steady accelerations, caused by atmos-
pheric drag or by gravity gradients, 10 -6 to 10 -7 go; (2) transient
accelerations, caused by movements of the astronauts, mass transloca-
tions, landing and departure of other spacecraft, etc.; (3) Oscillary
accelerations, caused by running machinery (fans, pumps, generators)
(Figure I).
Steady accelerations cause continuing displacements; transients
cause time-limited displacements (Figure 2). The important aspect is
"the area under the acceleration curve, measured over a certain time
interval." (Note that this quantity is not equivalent to a velocity
because of friction effects!)
Transient motions are probably less important than steady
accelerations because they only produce constant displacements. If the
accelerative forces were not equal and opposite, the displacement would
increase with time. A steady acceleration will produce an increasing
velocity of a particle_ but eventually an equilibrium value will be
reached where drag and acceleration forces are equal. From then on, the
velocity will remain constant, and the displacement will increase
linearly with time.
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In a transient mode of acceleration_ the displacement will be
constant if the accelerative force acts only in one direction. If the
transient is oscillatory, the displacement goes back to zero after the
transient. In all practical cases, a residual displacement should be
expected because of non-linearity effects.
If a box with a free-Gloating particle were exposed to a drag
force of 10-7 go, and if the initial distance between particle and box
wall were 5 cm, the particle would hit the wall after about 300 sec. If
the accelerative force were 10-5 go_ the time would be 30 sec. With a
thruster transient_ it will hit the wall in 50 sec. A transient from
crew motion will simply offset the particle by about 0.6 cm. Moving a
200 kg mass over a distance of I00 meters will bang the particle into
the wall because its net displacement will be some 16 cm.
Nodding of an astronaut's head at 1 hertz produces an oscil-
lating acceleration in the Space Station of about 10 -5 go" Rotating
machinery will cause particle displacements on the order of 8 nano-
meters. The natural frequency of Space Station structural flexing will
be a few tenths of a hertz.
As an example_ a protein crystal of 0.5-ram diameter, suspended
in a 5-ram drop of water_ would remain floating for 5 days if exposed to
a steady acceleration of 3 x 10-7 go" A l-cm crystal in a lO-cm vial
under 10 -5 go would take 2.5 hours before it hit the wall (Figure 3).
Transient effects, such as caused by astronauts nodding cheir
heads, are mild. They may cause problems in float zone experiments_ but
they can be avoided by mechanical or magnetic vibration isolation.
"Steady accelerations can really kill you in a lot of pro-
cesses. 11
The settling times of suspensions are controlled by the compet-
ing effect of Brownian motion and gravitational acceleration (Figure 4).
Latex spheres of 0.2 micron diameter will remain suspended indefinitely
even under 1 go (Figure 5). Blood cells require an acceleration level
as low as 10 -6 to 10 -7 go to remain suspended. A mixture of molten lead
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and tin will remain homogeneous even at 10-6 go only when the mixture
ratio tin:lead is smaller than 3.5 to 4% (Figure 6).
This latter case has been analyzed by Stan Coriell at the Bureau
of Standards; it is an example of a situation in which the solution
gradient is unstable_ and the thermal gradient is stable ("double-diffu-
sive convection").
If a crystal grows in a solution, the transport of material is
influenced by diffusion and by convection. Under reduced gravity condi-
tions, convection effects are reduced, diffusion effects are not. In
the diagram of Figure 7, the line divides the regions where convection
(above) or diffusion (below) is predominant.
The Peeler number measures the convective transport as compared
to the diffusive transport. For the thermal case, it is defined as the
characteristic velocity_ v, times the characteristic length, _, divided
by the thermal diffusivity. At thermal Peclet numbers below _, thermal
fluctuations are suppressed. To suppress compositional fluctuations,
solutal Peclet numbers must be kept below _. Solutal Peclet numbers
contain the chemical instead of the thermal diffusivity.
Substituting proper numbers in the Peclet expressions, the ther-
mal Peeler number turns out as 102 go _3 and the solutal Peclet number
as 106 go _3, for l-cm samples. This means that accelerations must not
be greater than 10 -9 go if 10-cm samples without detrimental solutal
convection effects are to be produced. Such a low level of gravita-
tional acceleration cannot be attained on a space vehicle in low earth
orbit. If the growth solution is a conductive medium, application of a
magnetic field would greatly reduce diffusion - controlled convection.
Experiments with magnetic fields have been carried out in ground-based
labs.
Figure 8 was taken from a paper by Chang and Brown who analyzed
the radial segregation in crystals grown by the Bridgman-Stockbarger
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method. Significant radial segregation occurs above the upper line and
is absent below the lower line. For a one-centimeter sample, acceler-
ation levels must not exceed 10 -5 or 10 -6 go if diffusion-controlled
flow is to be maintained. To grow larger crystals, far lower levels
will be needed. This might be achieved, in the case of conductive
melts, by forcing a magnetic field on the system. Figure 9 shows the
reduction of convective flow velocities as a function of magnetic field
strength and electric conductivity of the melts. Crystals of less than
I cm diameter can be grown under diffusion-controlled conditions without
a magnetic field. To grow crystals up to about I0 cm requires only a
fairly modest magnetic field, but strong fields will be needed for
larger crystals.
Question (Reg Berka, JSC): Do all these curves refer to steady-state
accelerations? How would transients and periodic accelerations
affect these charts?
Naumann: If the transient is short as compared'to the response time of
the fluid, an average value of the acceleration should be taken. The
response time of the fluid is on the order of the diffusive coeffic-
ient divided by the square of the length scale.
"We have reasons to believe that on Spacelab 3 steady state
accelerations were on the order of I0 -7 go, substantially better than
Space Station specifications. We believe that a level of 10-5 go,
specified as a requirement for the Space Station, is way too high.
With the new configuration of the Space Station where the line of the
center of mass will be located within the lab module, steady
accelerations will be much better than 10 .5 go'" (Note that this
statement refers only to steady state accelerations, but not to
transient and oscillating accelerations.)
If steady state accelerations on the Space Station are not kept
near 10 -7 go, crystals that can be grown on the Space Station will be
severely limited in size. "We think that would be a fatal error ...
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unless we can find industries that are willing to accept crystals of
less than 1 cm in size, which I think is unlikely, you really don't
have an industrial constituency ... As far as accelerometer
development goes, those are the accelerations we really want to
measure. I'm not sure that measuring peak accelerations is the right
thing to do; I think the more useful thing to do would be to measure
the acceleration x time product, over varying time intervals."
Question (Larry Collins_ &labaa _M University): What are the units
for the magnetic field expression?
Naumann: The units are the product of sigma times B squared, in MKS
units; sigma being the conductivity in siemens (mho-meters), and B is
measured in tesla. The strongest fields would be 105 or 106 teals.
Question: (Not understandable)
Waumann: There is a very nice paper by Bob Dreslin who was at NASA
Headquarters, which gave the closed form solution of the flow of a
fluid in a circular container when a thermal gradient is present. A
brief overview of flow conditions when thermal gradients are present
is shown in Figure I0.
Question: How can a measured profile of acceleration versus time be
applied to the diagram that shows "acceptable" and "desirable" accel-
eration versus frequency?
Naumann: You first take the acceleration profile and decompose it into
the three coordinate components. Then, you decompose each of these
profiles into its Fourier components; this will give you an amplitude
versus frequency plot. If this measured amplitude versus frequency
plot is below the lines in the diagram, you are in good shape. (Note
that this analysis is not without problems, as pointed out quite
drastically by Ken Demel; see "Summary of Workshop," p. 28-3).
Question (Fred Uenderson, Teledyne Brown): The experimenters of the
French Mephisto experiment have requested an accelerometer sensitive
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to 10-4 go at I00 Hz, and they had a theoretical argument for this
request. Are you familiar with their rationale?
Na_nn: I really don't know why they specified that high a frequency.
They said that's what they need, and we just accepted it. They may
know something we don't know, or we may know something they don't.
Question (Byron Lichtenberg, Payload Systems Inc.): I would like to
refer to your earlier statement about an astronaut nodding his head.
Your assumption was for a 5 kilogram mass coupled to a rigid body
giving a 20 micro-g acceleration. The assumption is that a person's
head is a 5 kg mass driven by an electric motor and rigidly coupled
to the floor. In reality however there is a considerable amount of
fluid damping.
Nauaann: Yes, that's what I assumed; a rigid body coupled to the floor.
Then I realized later that if you hold something in your hand, and if
you move it with a displacement of I0 centimeters at a frequency of I
Hz, that will be equivalent to 0.I go" Thus it is very difficult to
move things around by hand and not to exceed large acceleration
levels.
Ken l)emel, JSC: But analysis will show that this is less of a problem
than it would be if it were a steady state acceleration.
Question: Have magnetic suspensions and other isolating mechanisms been
considered for use on the Space Station?
Namaann: There are a number of suspension systems available, both
mechanical -- using airbags or springs with dashpots -- and magnetic,
that isolate the region of the experiment from the main structure.
They will isolate an experiment on a spacecraft from transient and
oscillatory motions. But there are limits to how far you can go.
The major limit will he the amount of free travel of the isolated
platform relative to the rest of the spacecraft. Theoretically, you
could keep the experiment totally suspended and fly the spacecraft
around it if you were free to move the center of mass of the space-
craft, but that would be rather difficult to accomplish. You could
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keep the accelerative forces transmitted to the experiment absolutely
zero if you had a large enough free space around it ... In practice,
you could probably isolate very well down to 10 Hz, maybe 1 Hz or
even 0.1 Hz. _lowever, lower frequencies you would not be able to
isolate within a reasonable structure.
question (Ed Bergmann, C. S. Draper Laboratory): Isolating the motion
is not at all that impossible, as Owen Garriott will discuss later.
I just wanted to mention that it has actually been done; there have
been some simulations where the orbiter was flown around an exper-
iment •
NauaJnn: Oh yes, but that assumes that the spacecraft is maneuverable;
unfortunately, the Space Station is not.
Question: I don't understand why you are not concerned with jitter.
Na,,-mnn: The question is: would jitter effects produce microscopic
motions at the interface that could cause problems? The answer is:
yes, they probably could. I think we need to be concerned about it.
l'm less concerned about it because I can do something about it if I
need to; I can isolate.
The macroscopic effects, such as the influx of fluid of a different
concentration to the interface of a growing crystal, can really mess
up diffusion-limited growth. This is a first-order effect, and it is
more worrisome than the second-order effects caused by jitter. The
latter may consist of the displacement of an element of fluid by a
few microns over the interface. We don't really know what conse-
quences that may have. We have not studied that yet, and I would say
that this is probably a second-order effect. I would be concerned
about it only after the first-order problem has been solved.
Table 1 lists a number of conclusions regarding low-acceleration
work on the Space Station.
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